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Abstract 

Digestion  of  Mn2C>3  in  a  range  of  H2SO4  solutions  (0.01-0  M),  at  a  variety  of  temperatures  (20-140  °C)  has  led  to  the  formation  of  a  series  of 
kinetically  stable  manganese  dioxide  samples  via  a  dissolution-precipitation  mechanism  that  involves  disproportionation  of  a  soluble  Mn(III) 
intermediate.  The  resultant  manganese  dioxide  samples  are  characterized  in  terms  of  their  domain  of  phase  stability,  chemical  composition, 
structure,  morphology  and  electrochemical  performance.  y-Mn02  predominates  at  all  but  high  H2SO4  concentrations  (>5  M),  where  a-Mn02 
is  formed,  and  high  temperatures  (>80  °C)  where  p-MnC>2  is  formed.  The  structural  variety  of  y-Mn02  in  this  domain  of  stability  is  interpreted 
in  terms  of:  (i)  the  fraction  of  De  Wolff  defects  (Pr),  which  is  found  to  increase  as  the  H2SO4  concentration  is  decreased  and  the  temperature  is 
increased;  (ii)  microtwinning  (Tw),  which  despite  being  less  statistically  significant,  is  found  to  follow  a  similar  trend;  (iii)  the  cation  vacancy 
fraction;  (iv)  the  Mn(III)  fraction.  Both  the  latter  structural  properties  decrease  as  the  temperature  is  increased;  but  decreasing  the  H2SO4 
concentration  leads  to  a  decrease  in  cation  vacancy  fraction  and  an  increase  in  Mn(III)  fraction.  These  structural  characteristics,  in  particular 
the  De  Wolff  defects,  are  interpreted  on  a  molecular  level  in  terms  of  soluble  Mn(III)  intermediate  condensation,  in  which  the  electrolyte 
conditions  determine  the  relative  proportions  of  equatorial- axial  edge  sharing  (ramsdellite  domains  only),  and  equatorial-axial  corner  sharing 
(both  ramsdellite  and  pyrolusite  domains)  that  occurs.  Morphological  differentiation  is  easily  established  due  to  the  different  characteristics 
of  each  phase.  y-Mn02  exists  as  fine  needles  (250  nm  x  50  nm),  P-Mn02  is  formed  as  much  larger  columns  (1  pm  x  100  nm),  while  a-Mn02 
is  present  as  small  spheres  of  up  to  400  nm  in  diameter.  Electrochemical  characterization  by  voltammetry  in  an  aqueous  9  M  KOH  electrolyte 
demonstrates  that  the  performance  of  y-Mn02  samples  is  comparable  with  that  of  commercial  EMD,  whereas  a-  and  P-Mn02  suffer  from 
diffusional  limitations  which  lower  their  operating  voltage.  For  y-Mn02,  superior  performance  results  when  lower  temperatures  and  H2SO4 
concentrations  are  used.  This  corresponds  to  intermediate  levels  of  De  Wolff  defects  and  microtwinning,  and  to  a  cation  vacancy  fraction 
minimum. 

©  2004  Elsevier  B.Y.  All  rights  reserved. 
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1.  Introduction 

Manganese  dioxide  is  by  far  the  most  common  elec¬ 
troactive  cathode  material  used  in  primary  batteries.  This 
is  because  it  possesses  a  unique  combination  of  beneficial 
physicochemical,  electrochemical  and  economic  properties. 
In  particular,  manganese  dioxide  with  suitably  high  density 
and  purity,  as  well  as  adequate  electrochemical  activity  under 
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a  range  of  discharge  conditions,  can  be  produced  efficiently 
and  relatively  inexpensively  on  a  commercial  scale. 

Commercial  synthesis  involves  electrodeposition  of  man¬ 
ganese  dioxide  (EMD)  on  to  a  titanium  anode  from  a  hot  aque¬ 
ous  solution  of  H2SO4  and  MnSCL  [1].  The  relevant  synthesis 
variables  have  large  ranges,  i.e.,  anodic  current  densities  in 
the  range  10-100  A  m-2,  temperatures  in  the  range  85-99  °C, 
H2SO4  concentrations  from  0.05  to  0.5  M,  and  MnSC>4  con¬ 
centrations  from  0.1  to  2.0  M.  While  almost  any  combina¬ 
tion  of  these  variables  will  lead  to  the  deposition  of  7-MnC>2 
(the  preferred  structure  for  electrochemical  applications),  the 
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Fig.  1.  Schematic  structural  diagrams  of  (a)  pyrolusite  ((3-Mn02);  (b)  rams- 
dellite;  (c)  De  Wolff’s  model  for  y-Mn02  showing  intergrowth  between 
pyrolusite  and  ramsdellite  domains. 


variable  ranges  that  produce  a  superior  material  are  very  nar¬ 
row  indeed  [2]. 

The  most  effective  basic  description  of  the  y-Mn02  struc¬ 
ture  was  originally  proposed  by  De  Wolff  [3]  to  consist  of 
a  micro-scale  intergrowth  of  the  ramsdellite  and  pyrolusite 
(|3-Mn02)  forms  of  manganese  dioxide  [3].  The  structure  of 
these  two  basic  forms  can  be  described  as  a  hexagonal  close- 
packed  array  of  oxide  ions  in  which  half  of  the  available  oc¬ 
tahedral  sites  are  selectively  filled  with  Mn(IV)  ions  so  as  to 
form  tunnels  in  the  c-direction.  For  pyrolusite  ((3-Mn02)  and 
ramsdellite,  these  tunnels  are  (1  x  1)  and  (1x2)  octahedral 
units  in  size,  respectively.  Schematic  diagrams  of  pyrolusite, 
ramsdellite  and  De  Wolff’s  model  for  y-Mn02  are  shown  in 
Fig.  1. 

Since  De  Wolff’s  original  model,  others  have  made  re¬ 
finements.  Ruetschi  [4]  introduced  the  cation  vacancy  model 
in  an  attempt  to  explain  a  number  of  physicochemical  prop¬ 
erties  of  y-Mn02.  He  suggested  that  within  the  hexagonal 
close-packed  framework  of  oxide  anions  a  fraction  of  Mn(IV) 
ions  have  been  replaced  by  Mn(III)  (y),  and  that  a  fraction  of 
Mn(IV)  ions  are  absent  altogether  (x).  The  positive  charge  de¬ 
ficiency  is  compensated  by  an  appropriate  number  of  protons 
located  on  adjacent  oxide  ions,  i.e. 

(Mn4+)j  (Mn3+)y  (D)x(02-  )2_Ax_y{0\rux+y  ( 1 ) 


is  these  protons  that  constitute  structural  water  within 
y-Mn02. 

The  most  recent  quantitative  structural  model  for  y-Mn02 
[5]  makes  use  of  De  Wolff’s  initial  proposal,  and  includes 
the  concepts  of  structural  microtwinning  in  the  0  21  and 
0  61  planes  of  ramsdellite.  This  model  has  been  success¬ 
ful  in  that  it  has  accounted  for  a  number  of  previously  un¬ 
explained  features  of  the  X-ray  diffraction  (XRD)  pattern  of 
y-Mn02.  Although  physical  evidence  to  support  the  presence 
of  microtwinning  was  apparent  in  some  early  high  resolution 
TEM  work  [6],  recent  electron  diffraction  studies  [7]  have 
cast  doubt  on  whether  microtwinning  does  actually  exist. 

Considerable  research  has  also  been  conducted  on  the 
electrochemical  behaviour  of  y-Mn02  in  concentrated 
alkaline  electrolytes.  This  has  focused  on  the  discharge  mech¬ 
anism  and  the  search  for  materials  with  superior  electrochem¬ 
ical  performance  characteristics.  The  basis  for  the  currently 
accepted  discharge  mechanism  (Mn(IV)  — >►  Mn(III))  was 
proposed  by  Kozawa  et  al.  [8-13],  and  is  based  on  proton 
and  electron  insertion  into  the  manganese  dioxide  structure 
(Fig.  2).  The  cathode  in  an  alkaline  Zn/Mn02  cell  essentially 
consists  of  an  intimate  mixture  of  electrolytic  manganese 
dioxide  (EMD)  and  a  small  proportion  of  graphite  wetted 
with  electrolyte.  An  electron  from  the  external  circuit  passes 
through  the  graphite  into  the  manganese  dioxide  structure 
where  it  reduces  a  Mn(IV)  ion  to  Mn(III).  For  charge  com¬ 
pensation  (cf.  Eq.  (1)),  a  water  molecule  on  the  manganese 
dioxide  surface  dissociates  into  a  proton,  which  is  inserted 
into  the  structure,  and  an  OH"  ion,  which  remains  in  the  elec¬ 
trolyte.  Additional  capacity  (other  than  that  on  the  surface) 
can  be  extracted  from  the  manganese  dioxide  by  the  inserted 
protons  and  electrons  diffusing  away  from  the  surface  into 
the  bulk  of  the  solid.  The  rate  of  this  diffusion  compared  with 


where  D  represents  a  cation  vacancy.  Typical  ranges  for  Fig.  2.  Schematic  diagram  of  electron-proton  mechanism  for  reduction  of 

x  and  y  are  0.06-0.08  and  0.04-0.12,  respectively.  It  7-MnC>2  in  concentrated  alkaline  electrolytes. 


D.K.  Walanda  et  al.  /  Journal  of  Power  Sources  139  (2005)  325-341 


327 


the  rate  of  discharge  determines  the  efficiency  of  manganese 
dioxide  reduction. 

A  number  of  later  research  efforts  [14-18]  noticed  the 
presence  of  distinct  reduction  processes  during  what  is 
nominally  the  Mn(IV)  — >  Mn(III)  reduction  step.  These 
were  variously  ascribed  to  the  reduction  of  different  do¬ 
mains  within  the  y-Mn02  structure,  i.e.,  from  highest  to 
lowest  voltage,  Mn(IV)  ions  on  the  surface  or  near  struc¬ 
tural  defects,  in  ramsdellite  and  then  in  pyrolusite  domains. 
While  this  proposal  seems  logical,  final  confirmation  is  still 
necessary. 

Although  electrodeposition  is  employed  commercially  to 
produce  y-Mn02,  it  is  not  the  sole  route  to  this  material.  In 
this  work,  we  have  used  an  acid  digestion  technique  [19-22] 
to  prepare  a  series  of  manganese  dioxide  samples  with  dif¬ 
ferent  structures  and  morphologies.  This  synthetic  technique 
has  been  chosen  (as  opposed  to  electrodeposition)  because 
of  its  simplicity  and  greater  flexibility  in  producing  different 
samples.  Furthermore,  as  will  be  apparent,  an  assessment  of 
sample  morphology  is  straightforward  in  this  case.  Electro¬ 
chemical  characterization  has  been  subsequently  applied  to 
complete  the  data  set. 


2.  Experimental 

2.7.  Synthesis 

Mn2C>3  was  used  as  a  starting  material.  It  was  prepared  by 
heating  commercially  available  EMD  (Delta  EMD  Australia 
Pty  Limited)  in  a  furnace  at  550  °C  for  24  h,  after  which  time 
it  was  spectroscopically  pure. 

The  general  synthesis  method  involved  digesting  Mn203 
in  H2SO4  solutions  of  different  concentration  (0.01-10.0  M) 
at  various  temperatures  (ambient- 140  °C).  For  temperatures 
up  to  and  including  80  °C,  10.00  g  of  Mn203  was  sus¬ 
pended  in  100  cm3  of  acid  of  a  given  concentration  in  a 
250  cm3,  glass-stoppered,  Erlenmeyer  flask.  For  higher  tem¬ 
perature  experiments,  1 .00  g  of  Mn203  was  placed  in  a  PTFE- 
lined,  acid  digestion  bomb  (PARR)  together  with  15  cm3 
of  H2SO4  solution.  Irrespective  of  the  digestion  vessel,  the 
suspension  was  left  at  temperature  for  1  week,  with  regu¬ 
lar  agitation  to  ensure  suspension.  After  this  time,  the  sus¬ 
pension  was  filtered  and  washed  thoroughly  with  Milli-Q 
ultra-pure  water.  The  resulting  solids  were  then  dried  in  air  at 
60  °C. 

2.2.  Chemical  composition 
2.2.1.  n  in  MnOn 

The  value  of  n  in  MnCL  for  each  sample  was  deter¬ 
mined  using  the  potentiometric  titration  approach  of  Vet¬ 
ter  and  Jaeger  [23].  O.lOOg  of  manganese  dioxide  sample 
was  dissolved  in  25.0  cm3  of  acidified  (10%  H2SO4)  0.25  M 
FeS04  to  reduce  all  Mn(III)  and  Mn(IV)  species  to  soluble 
Mn(II).  Formally,  the  manganese  in  MnO/7  can  be  written  as 


(MnIV02)i-r-(Mnm00H)r  where  r  is  related  to  n  via 


n  = 


4  —  r 
2 


In  terms  of  ft,  there  are  therefore  (In— 2)  Mn(IV)  ions  and 
(4— 2ft)  Mn(III)  ions,  hence  their  reduction  with  Fe(II)  can 
be  written  as 


MnO„  +  (2 n  -  2)Fe2+  +  (2w)H+ 

-+  Mn2+  +  (2 n  -  2)Fe3+  +  «H20 


Any  Fe(II)  remaining  in  solution  after  digestion  can  be 
potentiometrically  back-titrated  with  standardized  (oxalate 
method  [24])  0.02 M  KMnCL  (VQ  to  provide  an  indi¬ 
cation  of  the  amount  of  Mn(III)  and  Mn(IV)  species 
present. 

Sufficient  tetra  sodium  pyrophosphate  (Na4?207  •  IOH2O) 
was  added  to  the  titration  vessel  until  the  solution  pH 
was  in  the  range  6-7.  A  second  potentiometric  titration 
was  conducted  using  the  same  KMnCL  solution,  this  time 
to  determine  the  total  manganese  content  of  the  sam¬ 
ple  (V2).  The  value  of  n  in  MnO„  was  then  calculated 
using 


,  ,  5(Vb-Vi) 

ft  —  1  H- - 

2(4 V2  -  Vi) 


where  Vo  is  a  replicate  of  the  first  titration  in  the  absence  of 
any  sample. 


2.2.2.  Surface  water  and  structural  water 

The  surface  water  content  of  each  manganese  dioxide  sam¬ 
ple  was  determined  by  heating  0.500  g  (mo)  of  sample  in  air 
in  an  oven  at  110°C  for  2h.  After  cooling  to  ambient  tem¬ 
perature  in  a  dessicator  the  sample  was  re- weighed  (m\).  The 
same  sample  was  then  heat-treated  at  400  °C  in  air  for  an¬ 
other  2  h.  After  cooling  in  a  dessicator,  the  sample  was  again 
re- weighed  (m2).  The  surface  and  structural  water  contents 
are  given  by 

surface  water(%H20su)  =  — - -  x  100%  (5a) 

mo 

structural  water(%H20st)  =  — - - -  x  100%  (5b) 

m  1 

Expressing  the  structural  water  content  in  this  way  (dry  ba¬ 
sis)  avoids  any  variability  being  introduced  from  the  ambient 
laboratory  conditions  that  would  affect  the  surface  water  con¬ 
tent. 


2.2.3.  Total  manganese  content,  and  Mn(IV)  and  Mn(III) 
fractions 

Quantification  of  the  distributions  of  manganese  species 
in  each  sample  requires  the  use  of  a  standardized  KMnCL  so¬ 
lution,  as  well  as  expression  of  the  results  on  a  dry  basis.  The 
total  manganese  content  (%Mnx)  can  be  determined  from  the 
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potentiometric  titration  used  to  determine  V2,  i.e. 

Mn04“  +  8H+  +  4Mn2+  +  15H2P2072“ 

-*  5Mn(H2P207)33"  +  4H20  (6) 

Of  course,  takes  into  consideration  the  Mn2+  added  as  a 
result  of  the  titration  to  determine  Vi .  The  fraction  and  abso¬ 
lute  amount  of  Mn(IV)  and  Mn(III)  species  can  then  be  de¬ 
termined  quantitatively  from  the  relative  amounts  described 
above  in  Section  2.2.1. 

2.3.  Structural  and  morphological  characterization 

The  phase  composition  of  the  manganese  dioxide  samples 
was  determined  by  means  of  a  Philips  PW  1710  diffractrom- 
eter,  with  a  Cu  anode  that  generated  Cu  Ka  radiation  (A  = 

o 

1.5418  A).  Each  diffraction  pattern  was  recorded  in  the  20 
range  10-80°,  with  a  step  size  of  0.05°  20  and  a  count  time 
of  2.5  s  per  step. 

The  morphology  of  each  sample  was  examined  with  a 
Philips  XL30  scanning  electron  microscope  at  various  mag¬ 
nifications. 

2.4.  Electrochemical  characterization 

Linear  sweep  voltammetry  (LS  V)  on  the  resultant  samples 
was  performed  using  a  Perkin  Elmer  Instruments  VMP  multi¬ 
channel  potentiostat  controlled  by  EC-Lab  software  V6.80 
(Princeton  Applied  Research).  A  schematic  of  the  electro¬ 
chemical  cell  is  shown  in  Fig.  3.  It  consists  of  a  pressed 
pellet  of  manganese  dioxide  and  graphite  (SFG6;  Timrex) 
in  a  1:10  weight  ratio.  The  electrolyte  was  37%  KOH.  A 
stainless-steel  counter  electrode  and  a  Hg/HgO  reference 
electrode  complete  the  cell.  Voltammetric  scan  rates  of  0.05 
and  0.02  mV  s-1  were  used. 


Fig.  3.  Schematic  of  cell  used  for  electrochemical  studies. 


3.  Results  and  discussion 

3.1.  Synthesis 

The  digestion  of  Mn203  in  H2SO4  solutions  is  believed 
to  occur  via  a  dissolution-precipitation  mechanism  that  in¬ 
volves  disproportionation  of  an  intermediate  Mn(III)  species, 
i.e. 

dissolution  :  Mn203  +  6H+  2Mn3+  +  3H2O  (7a) 

disproportionation-precipitation  : 

2Mn3+  +  2H20  **  Mn02  +  Mn2+  +  4H+  (7b) 

overall :  Mn203  +  2H+  Mn02  +  Mn2+  +  H20  (7c) 

Each  of  the  two  steps  can  be  considered  independently,  and 
thermochemical  data  used  to  determine  their  respective  equi¬ 
librium  constants. 

The  dissolution  step  in  the  mechanism  has  been  proposed 
on  the  basis  of  the  domain  of  soluble  Mn(III)  stability  in  low 
pH  solutions  in  the  Eh-pH  diagram  for  the  Mn-H20  system 
[25].  In  other  words,  immersing  Mn203  in  an  acidic  solu¬ 
tion  is  likely  to  result  in  the  formation  of  a  soluble  Mn(III) 
intermediate,  and  the  more  concentrated  the  acidic  solution, 
the  greater  is  the  concentration  of  Mn(III)  in  solution.  This 
is  reflected  in  the  equilibrium  constant  for  this  step  in  the 
mechanism,  i.e. 

K\  =  (flMn3+^  =  6.0  x  10"3  M-4(at 25  °C)  (8) 

(<2h+) 

which  indicates  that  this  reactants-favoured  equilibrium  re¬ 
quires  a  relatively  high  acid  concentration  to  achieve  signifi¬ 
cant  solubilization  of  Mn(III). 

The  disproportionation-precipitation  step  in  the  mecha¬ 
nism  has  been  examined  previously  by  Welsh  [26]  as  part  of 
an  early  study  into  the  deposition  mechanism  of  electrolytic 
manganese  dioxide.  The  author  prepared  suspensions  of  man¬ 
ganese  dioxide  in  acidified  Mn(II)  solutions,  and  then  exam¬ 
ined  the  level  of  Mn(III)  present  in  the  solution  after  varying 
times.  He  found  that  the  equilibrium  constant  was  heavily 
products-favoured  (1.8  x  106  M3  at  15  °C),  and  increased  by 
about  an  order  of  magnitude  (2.0  x  107  M3)  when  the  temper¬ 
ature  was  increased  to  100  °C.  These  equilibrium  constants 
were,  however,  considerably  less  than  that  calculated  from 
thermochemical  data  [27],  i.e. 

K. 2  =  (aMn2+XqH+)  =  3  o  x  iO9  M3(at  25  °C)  (9) 

(^Mn3+  ) 

As  mentioned  by  Welsh,  the  equilibrium  constants  were 
based  on  concentrations  rather  than  activities,  which  could 
very  well  explain  the  differences. 

The  equilibrium  constants  from  thermochemical  data  can 
be  combined  to  determine  an  overall  equilibrium  constant, 
which  is  1.8  x  107  M_1  at  25  °C.  What  is  most  important  is 
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Fig.  4.  Representative  XRD  patterns  of  materials  prepared  in  this  work  [14]. 


that  this  value  indicates  that  the  overall  reaction  is  heavily 
products-favoured.  This  is  reflected  in  the  yields  for  our  di¬ 
gestion  experiments,  which  approached  the  theoretical  55.0% 
of  the  initial  Mn203  mass  in  all  instances  where  reaction  oc¬ 
curred. 

3.2.  Structural  characterization 

3.2.1.  Qualitative  phase  identification 

X-ray  diffraction  (XRD)  was  the  key  structural  tool  used  in 
this  work.  An  XRD  pattern  of  the  starting  material  (Mn203) 
is  shown  in  Fig.  4,  together  with  sample  patterns  of  the  man¬ 
ganese  dioxide  phases  formed  in  this  work.  The  XRD  pat¬ 
terns  for  Mn2C>3,  a-  and  p-MnC>2  are  representative  of  pure 
phases  [28-30].  Furthermore,  the  pattern  shown  for  y-Mn02 
is  similar  to  that  of  a  typical  commercial  EMD,  also  shown 
in  Fig.  4,  although  variations  within  this  structural  classifi¬ 
cation  are  common  [5].  With  the  wide  ranges  of  temperature 
and  H2SO4  concentrations  used  here,  it  is  also  not  surpris¬ 


ing  that  phase  mixtures  have  been  prepared.  In  which  case, 
the  phase  composition  has  been  evaluated  qualitatively  using 
XRD  patterns  for  the  pure  phases. 

3.2.2.  Phase  diagram 

A  phase  diagram  for  manganese  dioxide  is  shown  in  Fig.  5 
as  a  function  of  temperature  and  H2SO4  concentration.  It  is 
clear  that  there  are  regions  of  distinctly  phase-pure  materials, 
as  well  as  less  well-defined  regions  in  which  multiple  phases 
are  present,  particularly  at  higher  temperatures  and  H2SO4 
concentrations.  The  region  of  experimental  space  leading  to 
y-Mn02  is  of  most  interest  from  the  viewpoint  of  battery 
materials. 

At  low  H2SO4  concentrations  (<0.07  M),  after  a  week  of 
digestion  at  all  temperatures,  no  reaction  between  Mn203 
and  acid  was  apparent.  From  the  equilibrium  described  by 
Eq.  (8),  this  would  imply  that  the  level  of  soluble  Mn(III) 
formed  in  the  dissolution  step  is  relatively  low,  which  thus 
inhibits  the  subsequent  formation  of  manganese  dioxide.  This 


330 


D.K.  Walanda  et  al.  /  Journal  of  Power  Sources  139  (2005)  325-341 


log([H2S04]/M) 


Fig.  5.  Phase  diagram  resulting  from  the  acid  digestion  of  Mn203;  indicates  the  phases  found  by  Roussow  et  al.  [21]. 


is  also  apparent  at  the  Mn203-Mn02  phase  boundary  where 
it  is  necessary  to  carry  out  digestion  experiments  with  a  much 
lower  initial  solids  loading.  Under  these  circumstances,  the 
H+  :Mn203  ratio  has  been  increased  to  facilitate  the  reaction. 

Below  80  °C  and  as  the  H2SO4  concentration  is  in¬ 
creased,  Mn2C>3  digestion  leads  to  the  formation  of  y-Mn02. 
This  is  the  preferred  phase  from  about  0.07  M  up  to  5.0  M 
H2SO4.  At  higher  H2SO4  concentrations,  a-MnC>2  becomes 
the  preferred  phase.  On  the  other  hand,  for  all  H2SO4  concen¬ 
trations  where  manganese  dioxide  is  formed,  as  the  tempera¬ 
ture  is  increased  (3-Mn02  becomes  the  preferred  phase.  This 
has  been  observed  previously  by  others  working  on  under¬ 
standing  manganese  dioxide  phase  transitions  during  EMD 
production  [31-33].  More  specifically,  it  has  been  found  that 
if  the  current  is  interrupted  during  electrodeposition,  then  at 
the  temperature  (^95  °C)  and  electrolyte  composition  of  pro¬ 
duction  (~1M  Mn(II)  and  ~0.3  M  H2SO4),  EMD  undergoes 
a  relatively  rapid  transition  to  (3-Mn02  via  disproportionation 
(Eq.  (7b)).  Ultimately,  the  formation  of  (3-Mn02  is  expected 
given  that  it  is  the  most  thermodynamically  stable  phase  of 
manganese  dioxide. 

A  key  feature  of  the  y-Mn02  stability  domain  is  that  the 
temperature  at  which  the  transition  to  (3-Mn02  occurs  is  el¬ 
evated  to  ~120°C  at  both  low  (0.07  M)  and  high  (5.0  M) 
H2SO4  concentrations  (Fig.  5).  A  possible  explanation  for 
this  arises  from  a  comparison  of  the  reaction  rate  between 
Mn2C>3  — >  y-MnC>2  and  y-Mn02  —>  (3-Mn02.  With  (3-Mn02 
being  the  thermodynamically  stable  phase,  any  other  man¬ 
ganese  dioxide  structure  included  in  the  phase  diagram  is  only 
kinetically  stable  over  the  time-frame  of  the  digestion  exper¬ 
iment.  Therefore,  the  suggestion  is  that  y-Mn02  is  the  initial 
phase  formed  as  a  result  of  the  digestion  and  then,  with  time, 
it  transforms  structurally  into  (3-Mn02,  perhaps  via  Eq.  (7b). 
Therefore,  the  phase  diagram  is  perhaps  best  interpreted  in 
terms  of  the  rate  at  which  all  other  manganese  dioxide  phases 
convert  to  (3-Mn02.  Below  80  °C,  the  activation  energy  is 
presumably  too  large  to  allow  for  rapid  structural  conversion 


and  thus  maintains  the  kinetic  stability  of  y-Mn02.  As  the 
temperature  is  increased,  however,  there  is  perhaps  sufficient 
thermal  energy  to  overcome  this  activation  barrier,  and  so  the 
relative  conversion  rates  become  dependent  on  the  environ¬ 
ment  within  the  electrolyte.  At  low  H2SO4  concentrations, 
the  amount  of  soluble  Mn(III)  present  would  be  relatively 
low,  i.e.,  the  pathway  to  (3-Mn02  is  restricted  and  slows  down 
the  conversion  kinetics.  At  higher  H2SO4  concentrations,  the 
converse  situation  exists,  i.e.,  soluble  Mn(III)  stability  has 
been  increased  and  again  the  formation  of  (3-Mn02  is  in¬ 
hibited.  It  is  in  this  region  that  multiple  manganese  dioxide 
phases  are  observed,  which  can  also  slow  down  the  over¬ 
all  conversion  kinetics  because  different  manganese  dioxide 
phases  can  convert  at  different  rates.  At  intermediate  H2SO4 
concentrations,  the  rate  of  soluble  Mn(III)  formation  and  its 
stability  is  such  that  the  conversion  to  (3-Mn02  is  optimized. 

Another  interesting  feature  of  the  phase  diagram  is  the 
presence  of  apparently  unreacted  Mn203  at  the  lowest  tem¬ 
perature  and  highest  H2SO4  concentration.  Under  these 
conditions,  the  soluble  Mn(III)  species  formed  have  their 
highest  stability  and  solubility  in  the  electrolyte.  Therefore, 
rather  than  undergoing  dissolution  and  disproportionation, 
the  soluble  Mn(III)  species  contribute  to  establishing  the 
dissolution  equilibria  rather  than  continuing  to  form  man¬ 
ganese  dioxide.  Furthermore,  these  conditions  could  indicate 
a  change  in  the  rate-determining  step  for  the  overall  process 
due  to  the  increased  stability  of  the  Mn(III)  intermediate. 

The  synthesis  of  manganese  dioxide  by  digestion  of  lower 
valent  manganese  oxides  is  a  technique  that  has  been  used  by 
a  number  of  research  groups  for  a  variety  of  applications.  One 
is  the  preparation  of  activated  manganese  dioxide  for  aque¬ 
ous  battery  applications.  This  typically  involves  roasting  a 
manganese-containing  ore  at  high  temperatures  (converting 
it  to  either  Mn203  or  Mn304),  followed  by  digestion  in  acid 
to  form  a  more  electrochemically  active  manganese  diox¬ 
ide,  as  well  as  to  assist  in  the  removal  of  some  impurities.  In 
one  such  example  of  this  application  [22],  the  roasted  product 


D.K.  Walanda  et  al.  /  Journal  of  Power  Sources  139  (2005)  325-341 


331 


was  digested  in  H2SO4  solutions  that  ranged  in  concentration 
from  0.6  to  6. 1  M  at  a  temperature  of  90  °C  for  1  h.  The  pre¬ 
dominant  structural  form  produced  was  a-Mn02,  in  contrast 
with  the  structural  data  collected  in  this  work  which  would 
suggest  that  the  expected  phase  was  (3-Mn02,  except  at  high 
acid  concentrations.  The  most  likely  explanation  for  this  dif¬ 
ference  is  the  presence  of  impurities  that  originate  from  the 
ore.  Metal  ions  such  as  K+  and  Ba 2+,  which  would  have  no 
doubt  been  in  the  starting  ore,  have  a  tendency  to  template 
the  formation  of  a-MnC>2,  which  in  itself  is  also  a  thermally 
stable  material. 

Another  possible  application  of  this  synthetic  procedure  is 
the  production  of  manganese  dioxide,  specifically  a-MnC>2, 
for  non-aqueous  batteries.  Rossouw  et  al.  [21]  started  with 
spectroscopically-pure  Mn203  and  digested  it  under  a  variety 
of  conditions  that  included  acid  type  (H2SO4,  HC1,  HNO3, 
CH3COOH,  H3PO4),  concentration  (0.5-9.0M),  tempera¬ 
ture  (25-95  °C)  and  time  (1-168  h),  with  the  goal  of  identify¬ 
ing  conditions  that  lead  to  a-MnC>2  formation.  Most  success 
was  had  with  the  use  of  H2SO4,  while  the  other  acids  led  to 
either  undesired  phases,  complete  dissolution  of  the  Mn203 
or  no  reaction  at  all.  The  phases  that  were  found  by  Rous- 
souw  et  al.  [21]  are  also  shown  in  Fig.  5.  There  is  consistency 
between  the  two  data  sets,  particularly  at  the  transition  from 
y-  to  a-MnC>2  at  high  acid  concentrations,  and  the  forma¬ 
tion  of  y-Mn02  in  general.  There  are  some  discrepancies, 
however,  in  particular  (3-Mn02  formation  at  low  tempera¬ 
tures  and  a-MnC>2  formation  at  high  temperatures.  These 
observations  may  be  due  to  different  digestion  times.  De¬ 
spite  the  similarities,  the  work  we  have  presented  here  repre¬ 
sents  a  much  more  complete  picture  of  the  phases  that  can  be 
produced. 

3.2.3.  \-MnO2  structural  characterization 

The  manganese  dioxide  phase  of  most  interest  in  this  work 
is  y-MnC>2  due  to  its  widespread  use  in  alkaline  Zn-MnC>2 
cells.  The  most  recent  quantitative  structural  model  for  de¬ 
scribing  the  XRD  pattern  of  y-Mn02  has  been  proposed  by 
Chabre  and  Pannetier  [5].  Their  model,  which  accounted  for 
previously  unexplained  features  of  the  y-Mn02  XRD  pattern, 
is  based  first  on  a  structural  composition  that  consists  of  a  mi¬ 
croscopic  intergrowth  between  ramsdellite  and  pyrolusite,  as 
proposed  originally  by  De  Wolff  [3],  and  hence  given  the 
name  De  Wolff  defects  (Pr).  The  second  component  of  the 
model  is  based  on  the  apparent  structural  similarities  that 
pyrolusite  and  ramsdellite  have  with  rutile  (TiC>2)  and  cas- 
siterite  (Sn02),  respectively,  for  which  twinning  frequently 
occurs  in  the  Oil  and  031  planes.  The  model  was  there¬ 
fore  developed  assuming  twinning  in  the  analogous  021  and 
061  planes  of  ramsdellite  (Tw).  The  cation  vacancy  model 
proposed  by  Ruetschi  [4]  can  also  be  used  to  examine  struc¬ 
tural  disorder  within  y-Mn02  samples.  As  described  above 
this  model  accounts  for  structural  variety  through  the  pres¬ 
ence  of  lower  valent  Mn(III)  ions  and  cation  vacancies  in  the 
y-Mn02  structure,  with  charge  differences  compensated  by 
the  presence  of  protons  (structural  water). 


3. 2. 3.1.  De  Wolff  defects  (Pv).  The  value  of  Pv  can  essen¬ 
tially  be  calculated  from  the  exact  position  of  the  orthorhom¬ 
bic  110  peak  (^22°  20)  in  the  y-Mn02  XRD  pattern,  after 
taking  into  consideration  the  influence  of  microtwinning  on 
the  structure  [5].  The  value  of  PY  can  loosely  be  interpreted 
in  terms  of  the  extent  to  which  the  y-Mn02  sample  diverges 
from  thermodynamic  stability,  since  a  Pv  value  of  1  indicates 
pure  pyrolusite,  which  is  thermodynamically  stable  man¬ 
ganese  dioxide.  Thermodynamic  stability  is  mainly  depen¬ 
dent  on  the  core  structural  composition,  but  other  features, 
such  as  cation  vacancies,  structural  water  and  Mn3+  content 
also  play  a  part.  The  combined  effects  of  temperature  and 
H2SO4  concentration  on  Pv  for  the  y-Mn02  samples  pro¬ 
duced  in  this  work  are  summarized  in  Fig.  6(a).  The  trends  in 
this  data  are  clear,  namely,  a  decrease  in  H2SO4  concentration 
combined  with  an  increase  in  temperature  leads  to  a  larger 
Pv  fraction,  and  hence  greater  thermodynamic  stability. 

3. 2. 3. 2.  Microtwinning  (Tw).  The  proportion  of  microtwin¬ 
ning  in  a  y-Mn02  sample  reflects  the  level  of  defect  inclusion 
during  crystallite  growth,  and  it  can  be  used  as  an  indica¬ 
tor  of  deposition  conditions  rate  electrolyte  conditions.  As 
an  example,  Tw  has  been  demonstrated  to  increase  for  sam¬ 
ples  of  EMD  that  are  deposited  using  high  current  densities 
[34].  Under  these  conditions,  deposition  occurs  more  rapidly, 
such  that  the  likelihood  of  ordered  deposition  becomes  less 
and  thereby  leaves  the  resultant  y-Mn02  with  an  increas¬ 
ing  proportion  of  defects.  The  level  of  microtwinning  can 
again  be  calculated  from  the  XRD  pattern  for  y-MnC>2,  i.e., 
from  the  splitting  of  either  the  121/140  (^42° 2 0)  or  221/240 
(^56°20)  peaks  [5].  Estimating  Tw  in  this  way  is  open  to  er¬ 
rors  because  most  y-Mn02  samples  tend  to  have  a  Tw  value 
greater  than  80%,  which  in  terms  of  the  XRD  pattern  means 
that  there  is  little  peak  separation.  Consequently,  the  calcu¬ 
lation  is  very  dependent  on  the  ability  to  distinguish  these 
two  peaks  and  so  conclusions  based  on  Tw  should  be  treated 
with  caution,  and  at  best  should  be  used  as  a  starting  point 
for  additional  research.  For  the  y-Mn02  samples  produced 
here,  Fig.  6(b)  shows  the  combined  effects  of  temperature 
and  H2SO4  concentration  on  the  level  of  microtwinning.  As 
mentioned,  trends  in  this  data  are  certainly  less  statistically 
significant  than  for  Pv  \  but  there  is  a  small  overall  increase  in 
Tw  as  the  temperature  increases  and  the  H2SO4  concentration 
decreases. 

3.2. 3. 3.  Mn( III)  fraction  (y).  As  described  in  Section  2,  the 
fraction  of  Mn(III)  ions  in  the  y-MnC>2  structure  (y)  can  be 
quite  readily  determined  by  potentiometric  titration.  Its  value 
can  be  interpreted  as  a  competition  between:  (i)  the  rate  of 
y-Mn02  deposition;  (ii)  the  oxidizing  power  of  the  solution 
from  which  the  y-MnC>2  was  deposited;  (iii)  the  inherent  sta¬ 
bility  of  the  Mn(III)  ions  in  the  electrolyte  media.  Points  (i) 
and  (ii)  can  be  best  understood  by  analogy  with  the  produc¬ 
tion  of  EMD  [2].  Under  high  anodic  current  densities,  EMD 
deposition  is  relatively  fast,  which  means  that  the  product  will 
contain  a  larger  proportion  of  defects  (Mn(III)  ions  included). 
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Fig.  6.  Effects  of  temperature  and  H2SO4  concentration  on  (a)  Pr,  (b)  Fw,  (c)  Mn(III)  fraction  (y),  (d)  n  in  MnO„,  (e)  cation  vacancy  fraction  (v)  for  y-MnC>2 
samples  produced  in  this  study. 


The  use  of  higher  current  densities  also  implies,  however,  that 
deposition  is  occurring  at  a  higher  voltage,  or  at  more  oxi¬ 
dizing  conditions  which  infers  the  presence  of  less  Mn(III). 
Similarly,  the  use  of  a  high  acid  concentration  will  increase 
the  EMD  deposition  voltage,  but  at  the  same  time  contribute 
to  stabilizing  Mn(III)  ions  both  in  solution  and  in  the  structure 
through  the  presence  of  excessive  protons  for  charge  compen¬ 
sation.  To  evaluate  the  competition  between  these  processes 
for  the  samples  produced  in  this  work,  Fig.  6(c)  shows  how 


the  Mn(III)  fraction  varies  with  synthesis  conditions.  It  is  seen 
that  there  is  a  trend  towards  a  higher  y  value  at  lower  tem¬ 
peratures  and  lower  H2SO4  concentrations.  By  analogy  with 
EMD  production,  a  higher  H2SO4  concentration  increases  the 
solution  oxidizing  power  from  which  the  manganese  diox¬ 
ide  is  deposited.  Therefore,  the  results  in  Fig.  6(c)  suggest 
that  this  is  the  dominant  factor  in  determining  the  7-MnC>2 
structure,  despite  the  increased  Mn(III)  stability  in  solution 
under  the  same  conditions.  The  role  that  temperature  plays  in 
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determining  the  Mn(III)  fraction  is  possibly  via  the  relative 
rates  of  the  two  steps  in  the  digestion  process.  The  inclusion 
of  fewer  Mn(III)  ions  into  the  structure  at  higher  temperatures 
indicates  that  the  disproportionation  step  in  the  mechanism, 
leading  to  Mn02,  is  more  efficient.  This  is  also  reflected  in  the 
n  values  for  the  MnO„  data  shown  in  Fig.  6(d).  Of  course  the 
kinetic  aspects  of  7-MnC>2  deposition  will  have  to  considered 
to  determine  its  role  in  structure  formation. 

3.2.3 A.  Cation  vacancy  fraction  (x).  The  Ruetschi  cation 
vacancy  fraction  is  also  an  indicator  of  the  level  of  structural 
defects  within  y-Mn02.  It  can  be  readily  calculated  from 
the  structural  water  (%H20st)  and  total  manganese  content 
(%Mnx)  of  the  sample  using 

*  =  i  -  (10) 

n  +  z 

where  n  is  the  value  in  MnOw  and 
54.94  x  (%H20St) 

- v - (U) 

18.016  x  (%Mnx) 

The  results  presented  in  Fig.  6(e)  show  that  the  cation 
vacancy  fraction  decreases  as  the  H2SO4  concentration  de¬ 
creases  and  the  temperature  increases.  Similar  arguments  to 
those  used  in  the  discussion  of  the  Mn(III)  fraction  can  be 
applied  to  the  cation  vacancy  fraction  because  they  are  both 
indicators  of  structural  defects.  The  effects  of  temperature 
on  cation  vacancy  fraction  are  similar  to  those  observed  for 
the  Mn(III)  fraction.  The  point  being  that  as  the  tempera¬ 
ture  is  increased,  the  resultant  7-MnC>2  has  a  higher  Pv  value, 
which  implies  that  it  is  approaching  a  more  thermodynam¬ 
ically  stable,  less  defective  material.  For  changes  in  H2SO4 
concentration,  however,  a  different  effect  is  observed  for  the 
cation  vacancy  fraction.  This  suggests  a  different  controlling 
feature  within  the  mechanism.  With  more  cation  vacancies 
apparent  at  higher  acid  concentrations,  the  implication  is  that 
the  rate  of  deposition  is  faster  under  these  conditions.  This  is 
despite  the  fact  that  under  these  conditions  soluble  Mn(III) 
ions  are  more  stable,  which  would  infer  a  longer  lifetime  in 
this  state  (slower  reaction).  Confirmation  of  this  mechanism 
will  come  with  kinetic  studies.  These  will  be  the  subject  of  a 
future  publication. 

3. 2.3. 5.  Origins  of  structural  variety.  The  approach  we  have 
taken  to  explain  y-Mn02  structural  variations  is  based  on  the 
individual  components,  i.e.,  pyrolusite  and  ramsdellite,  and 
how  each  of  the  individual  octahedra  forming  these  domains 
are  connected.  Looking  closely  at  the  schematic  of  pyrolusite 
in  Fig.  1,  it  can  be  seen  that  there  are  two  types  of  [Mn06] 
linkages,  namely,  an  equatorial-equatorial  edge- sharing  link¬ 
age  and  an  equatorial-axial  corner-sharing  linkage.  Similarly, 
ramsdellite  possesses  the  same  types  of  linkage,  as  well  as 
an  equatorial-axial  edge-sharing  linkage.  What  is  therefore 
needed  is  an  understanding  of  the  experimental  conditions, 
such  as  temperature,  acid  content,  etc.,  that  give  rise  to  the 
equatorial-axial  edge-sharing  linkage,  since  this  is  unique  to 
ramsdellite. 


The  manganese  dioxide  structure  formed  as  a  result  of  di¬ 
gestion  will  be  based  on  the  arrangement  or  condensation  of 
the  soluble  Mn(III)  intermediate  formed  in  solution.  Soluble 
Mn(III)  species  present  in  an  acidic  aqueous  electrolytes  are 
likely  to  exist  as  hydrated  complexes  such  as  [Mn(OH2)6]3+. 
Hydroxylation  of  this  species,  by  varying  the  pH,  occurs  ac¬ 
cording  to  [35] 

[Mn(OH2)6]3+  [Mn(OH2)5(OH)]2+  +  H+  (12) 

Since  Mn(III)  is  a  Jahn-Teller  distorted  ion  in  an  octahedral 
field,  axial  Mn— O  bonds  are  expected  to  be  longer  than  the 
corresponding  equatorial  bonds.  Therefore,  the  proton  lost 
via  Eq.  (12)  is  highly  likely  to  come  from  an  equatorial  lo¬ 
cation  because  there  is  a  higher  electron  density  between  the 
Mn  and  O  (shorter  bond),  and  hence  less  between  O  and  H. 
Condensation,  as  shown  in  Fig.  7,  can  then  occur  via  the 
following  [35]: 

(i)  Olation,  to  form  an  equatorial-axial  corner  sharing  link¬ 
age  (Fig.  7(a)).  In  this  case  an  axial  water  ligand  on  the 
target  for  nucleophilic  attack  will  most  likely  be  lost  due 
to  the  fact  that  the  already  longer  Mn— O  bond  makes  it  a 
better  leaving  group.  This  leads  to  a  single  corner- sharing 
hydroxo-bridged  linkage  between  octahedra  that  is  com¬ 
mon  to  both  pyrolusite  and  ramsdellite,  and  so  must  occur 
irrespective  of  the  experimental  conditions. 

(ii)  Oxolation,  to  form  an  edge-sharing  linkage  (Fig.  7(b)). 
Here  there  is  a  concerted,  or  else  fast  sequential,  linkage 
process  in  which  there  are  two  possibilities.  Either  an 
equatorial-axial  linkage  can  occur,  as  in  Fig.  7(b(i)),  or 
a  equatorial-equatorial  linkage,  as  in  Fig.  7(b(ii)).  Based 
on  the  argument  used  previously,  the  equatorial-axial 
edge- sharing  linkage  would  be  preferred  because  it  takes 
advantage  of  the  axial  H2O  molecule  being  a  better 
leaving  group.  This  type  of  edge-sharing  linkage  is  ob¬ 
served  only  in  ramsdellite.  The  equatorial-equatorial 
edge- sharing  arrangement,  which  uses  equatorial  H2O 
molecules  as  leaving  groups,  is  present  in  both  pyro¬ 
lusite  and  ramsdellite,  and  therefore  its  formation  must 
again  occur  irrespective  of  the  experimental  conditions. 

Considering  these  condensation  processes,  the  structure  of 
y-Mn02  will  be  dependent  on  the  amount  of  equatorial-axial 
corner- sharing  (olation)  relative  to  equatorial-axial  edge¬ 
sharing  (oxolation).  If  olation  predominates,  then  the  7- 
MnC>2  will  have  a  high  Pv  value.  On  the  other  hand,  if  the 
experimental  conditions  are  such  that  oxolation  can  occur, 
then  the  resultant  y-Mn02  will  have  a  relatively  low  Pv  value. 
With  Pv  increasing  with  temperature,  it  can  be  concluded  that 
the  formation  of  corner-sharing  linkages  predominates  dur¬ 
ing  condensation.  This  may  be  the  result  of  an  exothermic 
hydrolysis  reaction  (Eq.  (12)),  which  would  shift  the  equilib¬ 
rium  to  the  reactants  side  and  hence  form  fewer  hydrolyzed 
Mn(III)  molecules.  This  would  result  in  a  lower  likelihood 
of  two  hydrolyzed  Mn(III)  molecules  colliding  and  reacting 
in  a  concerted  fashion.  A  higher  digestion  temperature  may 
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Fig.  7.  Condensation  of  soluble  Mn(III)  species:  (a)  olation  to  form  equatorial-axial  corner-sharing  linkage;  (b)  oxolation  to  form  (i)  equatorial-axial  and  (ii) 
equatorial-equatorial  edge-sharing  linkages. 


also  provide  enough  thermal  energy  to  overcome  more  ef¬ 
fectively  the  activation  barrier  for  olation  to  occur.  Whilst 
olation  must  occur  to  form  the  y-Mn02  structure,  a  higher 
temperature  may  further  promote  its  occurrence. 

The  concentration  of  H2S04  can  influence  the  digestion 
process  in  two  ways.  First,  increasing  the  H2S04  concentra¬ 
tion  leads  to  a  more  soluble  Mn(III)  intermediate,  and  thus 
provides  more  of  the  [Mn(OH2)6]3+  species  for  subsequent 
hydrolysis  (Eq.  (7a)).  Increasing  the  H2S04  concentration 
would,  however,  also  inhibit  the  hydrolysis  reaction  (Eq. 
(12)),  and  hence  limit  condensation  by  oxolation  due  to 
the  lack  of  hydrolyzed  Mn(III)  species.  Clearly,  a  com¬ 
petition  exists  between  these  processes,  in  which  fewer 
[Mn(OH2)5(OH)]2+  molecules  favours  olation,  and  hence 
a  higher  Pv  value.  The  experimental  results  show  that  the  Pv 
content  decreases  as  the  H2SO4  concentration  increases.  This 
suggests  that  the  dissolution  reaction  (Eq.  (7a))  to  produce 
more  soluble  Mn(III)  is  the  dominant  reaction,  rather  than  hy¬ 
drolysis  suppression.  Therefore,  more  [Mn(OH2)5(OH)]2+ 
molecules  are  formed  and  increases  the  likelihood  that 
equatorial-axial  edge-sharing  linkages  will  be  formed. 

As  discussed  above,  there  are  many  defects  within  the  y- 
MnC>2  structure  and  each  is  dependent  in  some  way  on  the 
conditions  used  to  prepare  that  sample.  Given  the  work  of 
Poinsignon  [34],  these  defects  (in  particular  microtwinning 
and  cation  vacancy  fraction)  can  be  used  as  a  measure  of  crys¬ 
tallite  growth  rate,  with  a  higher  defect  level  produced  when 


crystallite  precipitation  is  quicker.  With  such  a  suggestion 
arising  from  this  work,  further  investigation  of  the  kinetics  of 
dissolution  and  precipitation  is  necessary  for  confirmation. 

3.3.  Morphological  characterization 

Representative  SEM  images  of  both  starting  materials  and 
manganese  dioxide  products  are  presented  in  Fig.  8.  Images 
of  commercial  EMD  before  and  after  heat  treatment  at  550  °C 
to  form  Mn2C>3  are  shown  in  Fig.  8(a)  and  (b),  respectively. 
The  morphology  of  EMD  consists  of  irregular  shaped  parti¬ 
cles  that  have  a  broad  particle-size  distribution.  These  char¬ 
acteristics  are  mostly  retained  after  heat  treatment,  although 
one  significant  difference  of  the  Mn2C>3  is  that  the  finer  par¬ 
ticles  are  much  more  regular,  with  rounder  edges.  This  is  the 
result  of  inter-particle  solid-state  rearrangement  at  elevated 
temperatures  effectively  sintering  the  finer  particles  together. 

After  acid  digestion,  the  macroscopic  size  and  shape  of  the 
Mn2C>3  particles  is  generally  retained.  By  contrast,  the  finer 
surface  features,  typified  by  the  various  manganese  dioxide 
structures  that  are  formed,  are  found  to  change  markedly.  A 
typical  image  of  y-Mn02  is  presented  in  Fig.  8(c).  Its  mor¬ 
phology  consists  of  very  fine,  randomly- oriented  needles  that 
are  ~250  nm  long  and  ^50  nm  wide.  These  dimensions  are 
comparable  with  the  grain  size  reported  by  Heuer  et  al.  [7] 
in  a  TEM  study  of  EMD.  The  morphology  in  Fig.  8(c)  is 
also  compatible  with  other  studies  on  the  wet  chemical  syn- 
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Fig.  8.  SEM  images  of  selected  samples:  (a)  EMD;  (b)  M112O3;  (c)  7-M11O2;  (d)  (3-M11O2;  (e)  a-Mn02;  (f)  a  mixture  of  M112O3,  (3-  and  7-M11O2. 


thesis  of  7-Mn02  [36].  The  difference  is  that  the  grains  are 
much  more  tightly  packed  in  EMD,  as  compared  with  the 
relatively  loose  arrangement  in  our  chemically-precipitated 
materials.  This  has  consequences  on  the  usage  of  these  chemi¬ 
cally  precipitated  materials  in  batteries,  since  the  loose  grain 
arrangement,  and  hence  macroscopic  porosity,  will  restrict 
the  amount  of  active  material  that  can  be  used  in  the  cathode. 


Within  the  y-Mn02  phase  domain,  slight  differences  in 
morphology  are  also  observed  due  to  changes  in  digestion 
conditions.  Qualitatively,  the  size  of  the  y-Mn02  needles  in¬ 
creases  with  the  concentration  of  H2SO4.  This  observation 
is  supported  by  the  observed  trend  for  microtwinning  and 
cation  vacancy  fraction,  the  levels  of  which  also  decrease 
as  the  H2SO4  concentration  is  increased.  This  implies  that 
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a  higher  H2SO4  concentration  leads  to  fewer  defects  within 
7-Mn02,  from  which  larger  crystallites  might  be  expected. 
Clearly,  this  hypothesis  needs  to  be  tested  further  on  a  broader 
range  of  y-Mn02. 

The  most  significant  changes  in  morphology  occur  in  those 
instances  where  (3-Mn02  is  the  digestion  product  (Fig.  8(d)). 
The  surface  morphology  of  (3-Mn02  consists  of  relatively 
large  columns  ~1  pan  in  length  and  ^lOOnm  wide.  Fur¬ 
thermore,  these  columns  appear  to  be  somewhat  more  or¬ 
dered,  with  their  axes  perpendicular  to  the  particle  surface. 


comparison.  Note  the  three  component  current  peaks  iden¬ 
tified  at  +0.07,  —0.12  and  —0.21  V  versus  Hg|HgO  (inset). 
These  are  believed  to  correspond  to  the  solid-state  reduction 
of  Mn(IV)  ions  in  structurally  different  domains  within  the 
EMD,  such  as  around  defects,  and  in  ramsdellite  and  pyro- 
lusite  domains,  respectively.  In  combination,  these  processes 
correspond  to  homogeneous  reduction  of  the  EMD,  and  rep¬ 
resent  essentially  the  useful  capacity  that  can  be  extracted 
during  battery  usage.  This  reduction  can  be  summarized 
by 


(Mn4+)1_;c_y(Mn3+)),(n)x(02-)2_4X_>,(0H-)4X+>,  +  AH20  +  Ae~ 

-*  (Mn4+)1_J_y_A(Mn3+)y  +  A(D);c(02-)2_4;c_y_A(0H-)4x+y+A  +  AOH~  (13) 


This  apparent  difference  in  crystallinity  between  (3-  and  y- 
MnC>2  is  reflected  in  the  XRD  patterns  of  the  materials 
(Fig.  4). 

The  surface  morphology  of  a-MnC>2,  shown  in  Fig.  8(e), 
is  very  similar  to  that  of  Mn203 ;  it  consists  of  small  spherical 
grains  up  to  ~400  nm  diameter.  From  its  XRD  pattern,  the 
material  is  composed  of  crystallites  of  similar  size  to  those  of 
|3-Mn02,  and  so  the  material  structure  within  these  spherical 
grains  must  be  very  ordered. 

When  acid  digestion  of  the  Mn203  leads  to  a  mixture  of 
manganese  dioxide  phases,  the  resultant  SEM  image  indi¬ 
cates  a  mixture  of  morphologies.  As  an  example,  Fig.  8(f)  is 
an  SEM  image  of  a  mixture  of  Mn203,  (3-Mn02  and  y-Mn02. 
Distinguishing  these  phases  can  be  made  by  comparison  with 
data  obtained  from  the  pure  materials. 

3.4.  Electrochemical  behaviour 
3.4.1.  Phase  performance 

The  ultimate  test  of  a  battery  material  is  its  electrochem¬ 
ical  performance.  In  this  work  electrochemical  performance 
was  evaluated  using  experimental  conditions  that  focus  on 
the  intrinsic  behaviour  of  the  manganese  dioxide,  rather  than 
the  performance  of  the  cathode  in  its  entirety.  Given  that  y- 
MnC>2  is  a  hydrated  form  of  manganese  dioxide,  with  both 
structural  and  surface  water,  its  most  common  application  is 
by  far  in  aqueous  alkaline  Zn-MnC>2  cells,  and  hence  our  test¬ 
ing  regime  was  conducted  in  an  appropriate  electrolyte  (9  M 
KOH).  Typical  voltammograms  (0.05  mV  s~ 1 )  for  each  of  the 
manganese  oxide  phases  encountered  in  this  work  are  shown 
in  Fig.  9(a).  Their  corresponding  capacity  curves  are  given  in 
Fig.  9(b).  Similar  behaviour  is  observed  when  a  sweep  rate 
of  0.02  mV  s-1  is  used  as  the  discharge  rate,  and  so  only  a 
single  rate  will  be  presented  here. 

The  voltammograms  in  Fig.  9(a)  clearly  demonstrate  the 
differences  in  electrochemical  performance  that  result  when 
gross  changes  in  manganese  dioxide  structure  are  made.  The 
voltammogram  of  a  commercial  EMD  (Delta  EMD,  Aus¬ 
tralia  Pty  Limited)  has  been  included  for  the  purposes  of 


where  A  represents  the  fraction  of  protons  and  electrons  in¬ 
serted  into  the  starting  structure.  The  efficiency  of  this  ho¬ 
mogeneous  discharge  process  is  of  course  dependent  on  the 
electrode  (e.g.,  the  graphite  content)  and  discharge  rate,  but  in 
this  work  close  to  all  the  available  capacity  has  been  extracted. 
For  instance,  to  a  —0.4  V  cut-off  (corresponding  to  1.0  V  in 
an  alkaline  Zn-MnC>2  cell)  Fig.  9(b)  shows  that  ~860  C  g-1 
has  been  extracted,  or  77%  of  the  theoretical  capacity,  assum¬ 
ing  a  dry  sample  and  that  v  and  y  in  Eq.  (13)  are  zero.  Taking 
into  consideration  typical  values  for  the  Mn3+  fraction  (y  ~ 
0.055),  however,  the  cation  vacancy  fraction  (x  ~  0.070)  and 
the  adsorbed  surface  water  (3-5%),  account  can  be  taken  of 
the  remaining  23%  of  the  theoretical  capacity  [2]. 

At  the  completion  of  homogeneous  discharge,  (x  +  A) 
is  essentially  unity.  Continued  discharge  causes  the  hetero¬ 
geneous  reduction  of  what  is  essentially  MnOOH  to  form 
Mn(OH)2.  This  reduction  process  is  classified  as  heteroge¬ 
neous  as  it  involves  the  formation  of  a  solution-based  Mn(III) 
intermediate  via  dissolution  of  the  MnOOH.  This  is  followed 
by  Mn(III)  reduction  to  Mn(II)  in  the  solution  phase,  which 
subsequently  precipitates  as  Mn(OH)2.  The  heterogeneous 
process  gives  rise  to  the  small  asymmetric  current  peak  at 
-0.44  V  in  the  voltammogram.  It  is  very  inefficient  (~20%) 
due  to  the  poor  kinetics  of  the  dissolution-precipitation 
mechanism,  as  well  as  the  poor  conductivity  of  both  MnOOH 
and  Mn(OH)2.  For  EMD  or  y-Mn02  samples,  the  capacity 
associated  with  the  process  is  usually  associated  with  the  sur¬ 
face  area  of  the  starting  material,  since  a  higher  surface  area 
would  typically  imply  a  more  efficient  dissolution. 

The  discharge  of  y-Mn02  samples  produced  in  this  work 
is  similar  to  that  of  EMD,  as  shown  in  both  Fig.  9(a)  and 
(b).  The  slight  differences  during  homogeneous  discharge 
result  from  variations  in  the  capacity  associated  with  each 
of  the  individual  reduction  processes.  Given  that  discharge 
is  being  conducted  under  almost  ideal  circumstances,  these 
variations  reflect  the  structural  composition  of  the  y-Mn02, 
in  particular  the  local  environment  surrounding  the  Mn(IV) 
ions.  What  is  of  particular  interest  in  the  discharge  of  the 
y-Mn02  sample  shown  in  Fig.  9,  is  the  presence  of  more 
capacity  at  a  higher  voltage  compared  with  the  EMD.  This  is  a 
desirable  characteristic  for  a  battery  material  because  present 
trends  in  battery  requirements  are  towards  higher  power. 
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Fig.  9.  Representative  electrochemical  discharge  data  for  manganese  oxide  samples  prepared  in  this  work:  (a)  raw  voltammetric  data;  (b)  corresponding 
discharge  capacity  curves. 


Such  high  voltage  characteristics  are  absent  in  the  dis¬ 
charge  of  all  the  other  manganese  dioxide  phases.  In  the 
voltammogram  for  a-MnC>2,  a  small  (^20mAg_1),  but 
gradually  increasing  current  is  passed  from  the  open-circuit 
voltage  (OCV)  down  to  —0.2  V,  after  which  the  discharge 
rate  accelerates.  Current  peaks  occur  at  —0.35  and  —0.39V, 
and  the  bulk  of  the  discharge  capacity  is  extracted  in  these 
two  processes.  In  the  voltage  range  from  the  OCV  down  to 
—0.4  V,  the  a-Mn02  is  probably  undergoing  a  homogeneous 
reduction  similar  to  that  occurring  for  y-Mn02.  The  differ¬ 
ences  in  behaviour  originate  from  structural  differences  be¬ 
tween  the  phases  such  as  the  local  environment  around  in¬ 
dividual  Mn(IV)  ions,  as  well  as  the  transport  of  reduced 
species  (protons  and  electrons)  through  the  structure.  The 
larger  2x2  tunnels  in  a-Mn02  [37]  apparently  limit  its 
mass  transport  capability  via  the  longer  proton  hopping  dis¬ 
tance  in  the  structure  [38] ,  which  shifts  its  reduction  processes 
to  lower  voltages.  These  properties  result  in  a  lower  capacity 
(~740  C  g_1)  and  lower  average  voltage  to  a  —0.4  V  cut-off 
(-0.319  V). 


The  apparent  transport  limitations  in  the  discharge  of  a- 
MnC>2  are  magnified  in  (3-Mn02,  which  we  believe  does  not 
undergo  homogeneous  reduction.  The  voltammogram  for  (3- 
MnC>2  in  Fig.  9(a)  exhibits  exhibited  one  major  current  peak  at 
—0.41  V,  with  an  attached  shoulder  at  —0.45  V.  These  can  be 
explained  by  considering  the  poor  solid-state  transport  prop¬ 
erties  of  (3-Mn02,  which  means  that  the  surface  becomes 
rapidly  saturated  with  reduced  species  that  cannot  diffuse 
into  the  solid.  As  the  voltage  decreases,  however,  the  surface 
behaves  similarly  to  MnOOH,  which  undergoes  dissolution 
and  subsequent  reduction  to  Mn(OH)2.  This  dissolution  has 
the  added  benefit  of  exposing  a  fresh  manganese  dioxide  sur¬ 
face  that  can  continue  to  be  reduced.  Overall,  it  should  be 
expected,  and  has  in  fact  been  observed,  that  two  linked  re¬ 
duction  processes  occur  at  similar  voltages.  For  (3-Mn02, 
the  discharge  performance  is  dependent  on  the  dissolution 
of  MnOOH  and  the  precipitation  of  Mn(OH)2,  which  we 
have  seen  previously  as  being  a  relatively  inefficient  low- 
voltage  process,  i.e.,  ^190  C  g-1  at  —0.4  V  and  ~  1600  C  g-1 
at  -0.75  V. 
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For  the  sake  of  completeness,  the  voltammogram  for 
Mn203  has  been  included  in  Fig.  9(a).  The  discharge  of 
this  material  shows  very  little  capacity  above  —0.48  V,  be¬ 
low  which  only  a  small  asymmetric  current  peak  is  observed. 
The  reduction  of  Mn203  is  very  inefficient,  only  283  C  g-1 
is  extracted  to  a  voltage  of  —0.75  V.  Of  course,  there  is  no 
intention  on  our  part  to  suggest  the  use  of  Mn203  as  a  battery 
material. 

3.4.2.  f-MnO 2  discharge  performance 

Discharge  data  for  the  manganese  dioxide  phase,  pre¬ 
sented  in  Fig.  9  show  clearly  that  y-Mn02  is  the  most  active 
material  electrochemically.  Within  the  y-Mn02  phase  do¬ 
main,  our  interest  is  to  identify  the  synthesis  conditions  that 
lead  to  the  best-performing  material.  To  summarize  material 
performance  we  have  chosen  to  evaluate  the  discharge  capac¬ 
ity,  average  voltage  and  specific  power  to  a  —0.4  V  (1 .0  V  in  a 
Zn-Mn02  cell)  cut-off.  Of  course,  to  determine  the  specific 
power  of  manganese  dioxide,  the  average  voltage  must  be 
recalculated  to  indicate  its  voltage  in  an  alkaline  cell.  Both 
the  discharge  capacity  and  average  voltage  are  essentially 
indicators  of  material  structure,  while  the  specific  power  is 
an  indication  of  the  relationship  between  voltage  and  current 
flow,  with  a  larger  current  flowing  at  higher  voltages  being 
preferable.  These  properties  of  the  y-Mn02  materials  are  re¬ 
lated  to  the  conditions  under  which  they  were  prepared  in 
Fig.  10(a)-(c). 

For  the  discharge  capacity  data  shown  in  Fig.  10(a),  an 
increase  in  capacity  can  be  achieved  with  a  decrease  in 
both  H2SO4  concentration  and  temperature  over  the  ranges 
that  have  been  considered.  The  samples  prepared  using  5  M 
H2SO4  exhibit  a  relatively  sharp  decrease  in  capacity,  which 
is  most  probably  due  to  the  presence  of  some  a-Mn02  in  the 
sample.  Note  that  this  acid  concentration  in  the  phase  diagram 
of  Fig.  5  is  close  to  the  y-  to  a-  transition.  It  is  also  interest¬ 
ing  that  the  experimental  conditions  at  which  the  capacity 
maximum  occurs  correspond  to  a  minimum  in  the  cation  va¬ 
cancy  fraction  (Fig.  1 1  (a)).  This  is  consistent  with  the  fact  that 
the  absence  of  Mn(IV)  ions  detracts  from  the  total  available 
discharge  capacity.  Furthermore,  the  capacity  maximum  cor¬ 
responds  to  intermediate  microtwinning  and  De  Wolff  defect 
levels,  which  suggests  an  interaction  between  these  two  struc¬ 
tural  properties  in  determining  performance,  particularly  that 
more  defects  within  individual  crystallites  can  be  beneficial 
for  performance.  There  is  a  limit  to  this  trend,  however,  since 
if  the  level  of  De  Wolff  defects  increases  too  much,  the  sam¬ 
ple  tends  more  towards  (3-Mn02,  which  is  known  to  behave 
poorly,  and  then  overall  y-Mn02  performance  will  suffer.  A 
possible  explanation  for  the  observed  behaviour  is  that  the 
defects  enhance  the  rate  of  mass  transport  (diffusion)  within 
the  solid  state,  perhaps  by  providing  shorter  hopping  lengths 
for  protons  and  electrons  within  the  structure.  An  unexpected 
result  is  the  increase  in  capacity  as  the  Mn(III)  fraction  is  in¬ 
creased  (Fig.  11(b)).  Clearly,  any  Mn(III)  within  the  structure 
detracts  from  the  total  available  capacity  through  the  removal 
of  Mn(IV)  ions  for  discharge.  It  is  also  necessary  to  consider, 


Fig.  10.  Discharge  characteristics  of  7-M11O2  samples  prepared  in  this  work: 
(a)  discharge  capacity  to  —0.4  V  vs.  Hg|HgO;  (b)  average  discharge  voltage; 
(c)  specific  power  (assuming  coupling  with  alkaline  Zn  anode). 


however,  that  those  samples  with  a  lower  Mn(III)  content  also 
have  a  higher  Pv  value.  Alternatively,  as  the  Mn(III)  fraction 
decreases,  the  y-Mn02  becomes  more  thermodynamically 
stable  (i.e.,  more  pyrolusite)  and  hence  less  active  towards 
discharge  (cf.  Fig.  9). 
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While  the  discharge  capacity  is  a  good  indicator  of 
the  preferred  material  structure,  it  discloses  very  little 
about  the  voltage  at  which  the  capacity  is  extracted.  Com¬ 
plete  material  characterization  requires  some  indication  of 
the  discharge  voltage,  since  the  trend  with  modern  elec¬ 
tronic  devices  is  towards  higher  power  demands,  that,  in 
turn,  can  be  satisfied  by  higher  voltage  materials.  In  this 
work,  the  average  discharge  voltage  is  determined  by  cal¬ 
culating  the  voltage  at  which  half  the  total  discharge  ca¬ 
pacity  (to  —0.4  V)  has  been  extracted.  This  data  for  the 
7-Mn02  samples  produced  here,  suggests  that  the  average 
voltage  and  discharge  capacity  are  not  necessarily  related. 
The  average  voltage  can  be  related  to  material  structure,  par¬ 
ticularly  PT,  as  shown  in  Fig.  12.  It  is  clear  that  as  Pv  de¬ 
creases,  the  average  discharge  voltage  increases.  This  result 
is  to  be  expected,  since  Fig.  9(a)  shows  that  the  discharge 
of  |3-Mn02  (the  origin  of  Pv  in  the  y-Mn02  structure)  oc¬ 
curs  at  a  much  lower  voltage.  The  relationships  between 
the  average  discharge  voltage  and  Tw,  Mn(III)  fraction  and 
cation  vacancy  fraction  are  not  statistically  significant,  which 
possibly  suggests  that  their  impact  on  the  electrode  volt¬ 
age  is  minimal,  although  this  will  need  to  be  further  justi¬ 
fied. 

The  specific  power  for  these  y-Mn02  samples  is  shown  in 
Fig.  10(c).  The  data  are  essentially  a  combination  of  the  dis¬ 
charge  capacity  and  average  voltage,  and  show  again  that  the 
best  performing  materials  (0. 1 1  W  g_  1 )  are  produced  at  lower 
temperatures  to  avoid  the  formation  of  too  many  De  Wolff 
defects,  and  at  lower  H2SO4  concentrations  to  introduce  an 
appropriate  Tw  level. 

4.  Summary  and  conclusions 

An  acid  digestion  technique  has  been  used  to  convert 
Mn203  into  MnC>2  and  soluble  Mn(II)  via  a  dissolution- 
precipitation  disproportionation  mechanism  that  depends  on 
the  solubility  and  stability  of  Mn(III)  species  in  solution.  The 
equilibrium  constant  for  this  digestion  calculated  from  ther¬ 
mochemical  data  (1.8  x  107M  1  at  25°  C),  and  its  value 
reflects  the  complete  conversion  of  Mn203  to  the  products. 

Digestion  experiments  has  been  conducted  in  H2SO4  con¬ 
centrations  that  range  from  0.01  to  10.0  M,  at  temperatures 
from  ambient  up  to  140  °C.  This  gives  rise  to  a  manganese 
dioxide  phase  diagram  in  which  the  y-  phase  predominates, 
except  at  high  H2SO4  concentrations  (>5  M)  where  a-MnC>2 
forms,  and  at  high  temperatures  (>80°C)  where  p-MnC>2 
forms.  The  structure  of  the  y-Mn02  samples  is  interpreted 
using  De  Wolff  defects  (Pr),  microtwinning  (Tw),  cation  va¬ 
cancy  fraction  (v),  and  Mn(III)  fraction  (y).  The  following 
trends  are  observed: 

(i)  Increase  Pv :  increase  temperature  decrease  H2SO4  con¬ 
centration. 

(ii)  Increase  y:  decrease  temperature  decrease  H2SO4  con¬ 
centration. 


(iii)  Increase  v:  decrease  temperature  increase  H2SO4  con¬ 
centration. 

Some  trends  in  the  Tw  data  are  observed,  but  the  interpre¬ 
tation  is  found  to  be  problematic  due  to  the  wide  ranging  Tw 
values  that  result  from  the  difficulty  in  resolving  the  XRD 
peaks  that  lead  to  the  Tw  values.  These  trends  in  structure  are 
interpreted  on  the  molecular  level  in  terms  of  soluble  Mn(III) 
intermediate  condensation,  in  particular  the  competition  be¬ 
tween  equatorial-axial  edge- sharing  to  form  a  ramsdellite 
domain  and  equatorial-axial  corner- sharing  to  form  extended 
pyrolusite  (|3-Mn02)  domains.  It  is  concluded  that  decreas¬ 
ing  the  temperature  and  increasing  the  H2SO4  concentration 
results  in  a  greater  proportion  of  the  equatorial-axial  edge¬ 
sharing  linkage  (ramsdellite  domains)  within  the  y-MnC>2 
structure. 

In  morphological  terms  each  of  the  manganese  dioxide 
phases  have  their  own  distinctive  physical  appearance,  y- 
MnC>2  is  always  observed  to  be  present  as  fine  needles,  on 
average  about  250  nm  x  50  nm  in  size,  p-MnC>2  is  present  as 
much  larger  columns  about  1  jam  x  100  nm  in  size,  while  a- 
Mn02  is  present  as  small  spheres  of  up  to  400  nm  in  diameter. 
The  morphology  of  a-MnC>2  is  very  similar  to  the  starting 
Mn203. 

Electrochemical  characterization  of  each  of  the  phases 
shows  that  the  best-performing  samples  of  y-Mn02  have 
a  discharge  capacity  that  is  comparable  with  that  of  com¬ 
mercial  EMD  (858  C  g_1  to  a  —0.4  V  cut-off)  and  represents 
an  almost  100%  extraction  of  the  available  capacity.  These 
samples  also  exhibit  the  three  expected  component  processes 
during  homogeneous  reduction.  The  a-  and  |3-Mn02  phases 
produced  are  inferior  in  terms  of  electrochemical  perfor¬ 
mance  due  to  the  predominance  of  inefficient  low-voltage 
discharge  processes. 

Within  the  bounds  of  y-Mn02  phase  stability,  it  is  interest¬ 
ing  to  note  that  superior  materials  are  prepared  at  low  temper¬ 
ature  and  low  H2SO4  concentration.  These  conditions  corre¬ 
spond  to  a  minimum  in  the  cation  vacancy  fraction,  as  is  an¬ 
ticipated,  but  at  intermediate  Pv  and  Tw  values.  An  excessive 
Pv  value  can  be  seen  to  be  detrimental  to  performance  because 
the  sample  will  be  approaching  the  limit  of  |3-Mn02,  which  is 
a  poor  performer.  The  observed  presence  of  an  intermediate 
level  of  defects  may  be  beneficial  to  mass  transport  within  the 
y-Mn02  structure  due  to  a  lessening  of  the  hopping  distance 
for  protons  and  electrons  moving  through  the  structure. 
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